By the use of psoralen crosslinking and primer extension, a method was developed which allows the analysis of chromatin structure in vivo. Using a yeast minichromosome, >9 nucleosomes were mapped with a resolution of at least ±30 bp.
In the nucleus of eukaryotic cells, DNA is packaged into a nucleoprotein complex known as chromatin. This complex provides the compaction and structural organisation of the DNA for processes such as replication, transcription, recombination and repair. A great deal of recent work has been directed towards understanding the impact of the basic repeating subunit of chromatin, the 'nucleosome' on these processes. Over the last decades several techniques have been developed to characterise chromatin structure including defining the positioning of nucleosomes to specific DNA sequences. Typically, nucleosome positions were defined by enzymatic (e.g. MNase or DNase I) and/or chemical treatment of chromatin (e.g. hydroxyl radical) (1). However, most of these techniques require the isolation of nuclei prior to nucleosomal analysis, such that the isolation per se may somewhat distort the in vivo chromatin structure. We therefore developed a direct biochemical approach that allows the mapping of nucleosomes in vivo. Since psoralen derivatives easily penetrate cellular membranes of living cells (2), we anticipate that the technique described here is applicable to most cell types including plant cells (3) . The developed assay is extrapolable to soluble chromatin or isolated nuclei, however, intact vertebrate cells will be the most exciting substrate.
The psoralen crosslinking technique has successfully been proven to be a useful tool for the study of chromatin structure (2-6). Psoralens efficiently intercalate in helical DNA and upon irradiation with ultraviolet (UV) light (366 nm) form covalent crosslinks between pyrimidines of opposite strands. However, in chromatin, psoralen crosslinking occurs preferentially within the linker DNA whereas the nucleosomal DNA is protected against crosslinking ( Fig. 1) . Trimethylpsoralen (TMP) is the most commonly used psoralen for chromatin studies. It has been shown that even extensive TMP crosslinking of chromosomal DNA, performed under nearly saturating conditions, neither destroys nor disturbs the nucleosomal and higher order structure of chromatin (6, 7) .
We have developed a technique, utilising the advantages of psoralen crosslinking and primer extension to accurately map the positions of nucleosomes in the TRURAP plasmid (8) . This has been previously well characterised by alternative methods, allowing us to directly compare the published (8, 9) and the newly generated data. The developed technique is presented in detail in Figure 1 .
Analysis of the primer extension products on an alkaline agarose gel ( Fig. 2A and B) showed a premature blockage of the reaction, consistent with a block of the Taq polymerase at psoralen crosslinks. In naked DNA the signal reflects the psoralen sequence specificity (1) . With increased crosslinking this sequence specificity is more pronounced and appears as 'hot spots'. However, the obtained crosslinking pattern of naked DNA differs from those generated for DNA crosslinked in chromatin. The possible appearance of a non-crosslinkable DNA sequence is greatly reduced in TRURAP, since we calculated potential crosslink sites at a minimum of 6 bp intervals. In contrast, specific reaction products were obtained for chromatin. The specific pattern seen in chromatin reflects an inhibition of crosslinking in the DNA wrapped around the histone octamers (compare positioned nucleosomes 1-6 in the URA3 gene) which results in a specific crosslinking of the linker DNA. All nucleosomes in the URA3 gene are easily detectable indicating that psoralen can also penetrate between tightly packaged nucleosomes. For visual comparison an example of 'classical' MNase pattern obtained by indirect end labelling analysis of digested nuclei isolated from the same strain is presented in Figure 2C . Note that the location of linkers detected by both techniques is nearly identical (compare Fig. 2B, lane 9 with Fig. 2C, lane 16) . Statistical analysis of the linker positions shown in Figure 2D gave values very close to those previously published by MNase analysis (8, 9) . Since the weak, unspecific signals present in the non-crosslinked DNA were not detectable in chromatin they did not interfere with the interpretation of the results. FTY23 was grown as described (8) . About 1 × 10 9 cells were concentrated in 1.5 ml TE (10 mM Tris-HCl, pH 8.0, 1 mM EDTA), transferred to trays to form thin layers (2 mm) and 75 µl TMP [(200 µg/ml): 4,5′,8-trimethylpsoralen (Sigma) in ethanol] was added. After 5 min incubation, cells were irradiated on ice with various UV-doses (Sylvania G15T8 black light blue lamps, 366 nm at 30 J/m 2 /s) at a distance of 2 cm. DNA was isolated using Qiagen Genomic tip G/20 and dissolved in 100 µl TE (∼150 ng/µl DNA). As control, DNA from 1 × 10 9 cells was isolated as described, dissolved in 300 µl TE, transferred to a tray (2.5 mm layer), 15 µl TMP (200 µg/ml) was added and the sample was incubated for 5 min on ice. Irradiation was performed at a distance of 16 cm (15 J/m 2 /s). Control DNA in 150 mM NaCl was extracted three times with 1 vol of dichloromethane/isoamylalcohol (24/1), ethanol precipitated and dissolved in 100 µl TE (150 ng/µl DNA). From both samples, ∼3 µg DNA were restricted with EcoRI. The overhanging 5′-end was filled in using Klenow DNA polymerase (2 U, Böhringer MA) and nucleotides (0.1 mM final conc., Pharmacia). The DNA was purifed using columns (Böhringer MA, Cat. No. 1732668) and eluted with 100 µl TE. To 44 µl of the blunt ended DNA, 5 µl 10× exonuclease buffer (670 mM glycine KOH *To whom correspondence should be addressed. Tel: +41 1 633 3342; Fax: +41 1 633 1069; Email: sogo@cell.biol.ethz.ch pH 9.4, 25 mM MgCl 2 , 500 µg/ml BSA) and 1 µl λ-exonuclease (2.9 U, Gibco BRL) were added, incubated at 37_C for 30 min and purified by adding 1 µl Strataclean resin (Stratagene Cat. No. 400714). The resin was removed by centrifugation. Samples were adjusted by adding 1 vol of buffer (20 mM Tris-HCl, pH 6.1, 55 mM KCl, 4.3 mM MgCl 2 ). To 10 µl preadjusted DNA (∼150 ng total DNA) 1 µl 10× PCR buffer (100 mM Tris-HCl, pH 8.3, 500 mM KCl, 30 mM MgCl 2 ), 1 µl dNTP stock solution (5 mM/µl) 1 µl primer (0.1 pmol/µl) and 7 µl diluted Taq DNA polymerase (1 U, Perkin Elmer) were added. The samples were overlaid with 25 µl paraffin oil and subjected to 30 cycles of repeated denaturation at 95_C for 45 s, annealing at 65_C for 5 min and extension for 3 min at 72_C.
In summary, we can accurately map linker positions in vivo by psoralen crosslinking, obtaining very similar data to those published using isolated nuclei and micrococcal nuclease nucleosome mapping.
